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Abstract 

This proposal is a study of vacancy transport and vacancy interaction on metal surfaces. Adatom 
self-diffusion and vacancy diffusion on surfaces Au(100), Ag(110) and W(100) were subject of 
our investigation. The phenomena were investigated in ultra-high vacuum conditions with atomic 
scale resolution with Scanning Tunneling Microscope (STM) and Field Ion Microscope (FIM). 
For each investigated material, the research was divided into three stages: investigation of surface 
morphology, measurements of adatom surface self-diffusion, and measurements of vacancy 
diffusion. The key results and final status for each investigated surfaces are as follows:  

The experiments conducted on Au(100) 

The experiments of diffusion of Au adatom and surface vacancy on Au(100) surface were 
conducted with STM located Center for Microanalysis of Materials at University of Illinois at 
Urbana-Champaign. The main goal of the studies was to investigate diffusion behavior of single 
adatoms and single vacancies on Au(100) surface. Additional goal of the study was to investigate 
via diffusion measurements the interactions between vacancies to possibly form vacancy islands.  

The morphology of Au(100) surface was determined as hex-Au(100) with <001> oriented one-
dimensional channels. The investigation on adatom self-diffusion were conducted via 
measurements of island saturation on Au(100) surface. The activation energy E

A
 for adatom 

diffusion was determined 0.32±0.02eV. Obtained results with detailed description of measuring 
method were published in Phys. Rev. B 84, 245445 (2011) and presented on 28th European 
Conference on Surface Science (ECOSS-28) by A. Trembulowicz, G.Ehrlich and G. Antczak. 

In the second stage of the experiment, the experimental conditions for creation of surface 
vacancies on Au(100) has been determined and observations of surface diffusion of mono 
vacancies has been conducted. The vacancies were created via Ne+ ion sputtering of Au(100) 
surface,the energy of bombarding ions was  100 – 150 eV and the time of exposure was 10 - 30 
min, pressure of Ne gas was measured to be 10-7 Tr. The observations of vacancy diffusion 
delivered preliminary values of jump rates (Fig. 1). 



At the time of this report, the value of activation energy for vacancy diffusion and the diffusivity 
pre-exponential factor has not been determined yet. However, supplementary measurements are 
planned with the results obtained to be published with acknowledgment of sponsorship from US 
Air Force.     

The experiments conducted on Ag(110) 

The experiments on diffusion of surface vacancies on Ag(110),  were conducted with STM 
located Center for Microanalysis of Materials at University of Illinois at Urbana-Champaign. The 
main goal of the studies was to investigate diffusion behavior of single vacancies on Ag(110) 
surface. An additional goal of the study was to investigate the interactions between vacancies and 
their possibility to form vacancy islands. The obtained results were planned to be compared with 
results obtained for Au(100).  

The experimental conditions necessary for cleaning Ag(110) surface has been determined. The 
preliminary parameters for vacancy creation in Ag(110) surface has been determined: I sputtering = 
1-6 mA, pNe= 9.8*10-7 Tr, t sputtering = 120 s. 

To investigate the surface diffusion of single adatoms and mono-vacancies, it was crucial to 
obtain the atomic resolution of Ag(110) surface. However the electrical noise which disturbed the 
information coming from the STM tip did not prevent obtaining systematical pictures with atomic 
scale resolution. Thus the experiments on adatom and mono-vacancy surface diffusion on 
Ag(110) were not been accomplished.  

The experiments conducted on W(100) 

The experiments on surface diffusion of W adatom and surface vacancy on W(100), were 
conducted with FIM located in Materials Research Laboratory at University of Illinois at Urbana-
Champaign. The goal of the research was to determine the morphology of W(100) surface, find 
the value of activation energy for W adatom diffusion, determine the mechanism for adatom 
diffusion and obtain the activation energy for vacancy diffusion. Additional adsorption 
experiments of rhodium atoms on W(100) surface were conducted to confirm the morphology of 
W(100) surface. 

There are three major competitive models of morphology of W(100) surface: non reconstructed, 
c(2x2)-reconstructed with lateral shift of surface's atoms (proposed by Debe and King the “zig-
zag” model (Fig.) [1]) and c(2x2)-reconstructed with vertical shift of surface's atoms (proposed 
Tung, Graham and Melmed [2]). Conducted experiments on adsorption of Rh atoms and W 
adatom diffusion on W(100), showed incorrectness of Tung-Graham-Melmed model, which in 
spite of intense debate about this model, has never been shown before. The adsorption 
experiments did not show lateral reconstruction of W(100) surface which might be a result of the 
small plane size and the step edge relaxation [3]. For both models, it was previously reported [1] 
that the reconstruction disappears above the room temperature. The adatom diffusion experiments 



were conducted at temperatures 66-726K. Thus the correctness of any of assumed models had no 
influence on adatom diffusion. However, considering that Tung-Graham-Melmed model of 
W(100) was a basis for proposed method for vacancy creation via field evaporation it was 
necessary for searching alternative methods of producing vacancies in W(100) surface. 

The activation energy (E
A

) for diffusion of W adatom has been fund 1.58±0.19 eV. Since 

recently collected data has not been yet included into our analysis, this value might slightly 
change after the process of data analysis is finished. Obtained value of activation energy for 
adatom diffusion differs from theoretical values proposed by Spisák and Hafner [4]: for the 
adatom exchange i.e. 2.3 eV, for adatom jump i.e.1.2 eV along the “zig-zag” and 1.3 eV 
perpendicular to  the “zig-zag”.   

Based on analysis of adsorption sites of diffusing W adatom, the occurrence of the exchange 
mechanism on W(100) has been shown, which has never been done before for any of bcc(100) 
surfaces. In addition, it has been shown a first experimental proof and temperature dependence 
for occurrence of two diffusion mechanisms on the same surface: jump and exchange. Obtained 
results have yet to be published in journal article and in PhD dissertation of UIUC graduate 
student Tomasz Olewicz. 

Concerning vacancy diffusion, pictures of surface mono-vacancies were resolved in FIM (Fig. 3). 
The surface vacancies were created by using two alternative methods: field evaporation and Ne+ 
ion bombardment. The vacancies created by field evaporation were at the plane edge. Thus at 
higher temperatures due to decomposition of the W(100) surface, it was not possible to determine 
if the vacancy was merged into the step edge or if the step edge atoms detached first . 
Alternatively, the vacancies were created via Ne+ ion sputtering. Used parameters of sputtering 
process are as follows: the sputtering current Isputtering =2*10-8 A, the time of Ne+ ion 
bombardment tsputtering=15s, the pressure of Ne gas pNe=1*10-4 Tr. The vacancies were created 
about 1-2 adsorption sites from the plane edge. However with introducing Ne gas into the system, 
significant amount of hydrogen and other residual gasses was introduced as well, which did not 
allowed for obtaining reliable data. A serious technical problem with the apparatus (i.e major 
crack of the glass FIM chamber and oxidation of all tungsten-based apparatus filaments) caused 
significant delay in the experiment's schedule and we were unable to investigate vacancy 
diffusion further before the end of the grant.   

 

 

 

 

 



Personnel supported on the Project 

The project supported two postdoctoral research associates and one graduate student, who 
performed the work under the supervision of the principal investigator.  Dr. Artur Trembulowicz 
completed his degree from the University of Wroclaw in Poland where his focus was on the 
adsorption process and formation of ordered surface structures and alloys on metal substrates.  He 
served as the lead postdoc on the project from October 2, 2009 through January 15, 2012 and was 
responsible for the supervision of daily activities in the lab and of the graduate student, and 
coordination with the PI on the planning and direction of the research.  He left to return to his 
home country, where he accepted a position with the University of Wroclaw.  He returned for 
approximately three (3) months as a visiting scholar starting in July of 2012 to work with the 
current postdoc and graduate student on the research.  Dr. Marta Trelka was recruited and joined 
the research group in June of 2011 when Dr. Trembulowicz indicated his intention of returning 
home.  She remained through the end of the project, taking on the tasks that Dr. Trembulowicz 
had performed when he left.  She earned her Ph.D. from the Universidad Autonoma de Madrid in 
December 2010 and brought a background in fabrication and characterization of organic 
nanostructures by scanning tunneling microscopy to the work.  Tomasz Olewicz earned his 
Master’s Degree from the University of Wroclaw in experimental physics.  He began as a visiting 
scholar in January of 2009 following the award the project. Upon his acceptance into the 
Materials Science and Engineering Ph.D. program at the University of Illinois, he served as the 
graduate research assistant for the project through its completion.  Mr. Olewicz subsequently 
transferred to Electrical and Computer Engineering and plans to complete his PhD in August 
2014.  Mr. Olewicz was responsible for the daily experiments that produced the results of the 
research and wrote the final report for the project following Professor Ehrlich’s unexpected 
death. 

 

Publications resulting from research conducted on the Grant 

1. Artur Trembułowicz, Gert Ehrlich, Grażyna Antczak,Surface diffusion of gold on 
quasihexagonal-reconstructed Au(100) ,Physical Review B 84 (2011) 245445-1-5. 

2. Coexistence of exchange and jump: W on W(100), submitted to Physical Review 

3. Tomasz Olewicz PhD Dissertation, Coexistence of two diffusion mechanisms: adatom 
jump and adatom exchange, for W on W(100), expected completion August 2014 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Mono-vacancies and vacancy cluster on Au(100) surface with preliminary results of jump 
rates. 

 

 

 

 

 

 

 

 

Fig.2a.  Debe-King model of W(100) surface.              Fig.2b Tung-Graham-Melmed model of                   
.                                                                                      W(100) surface.                                        
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Fig.3. FIM pictures of tungsten surface. Top left: picture of (211) plane with surface vacancy 
(blue circle), created by Ne+ ion sputtering. Top right: picture of (100) plane with surface 
vacancies (blue circles) created by Ne+ sputtering. Bottom center: picture of a whole W(100) 
oriented tip. 
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